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Over recent years the role of biomarkers in anticancer drug development has expanded across a spectrum of applications
ranging from research tool during early discovery to surrogate endpoint in the clinic. However, in Europe when biomarker
measurements are performed on samples collected from subjects entered into clinical trials of new investigational agents,
laboratories conducting these analyses become subject to the Clinical Trials Regulations. While these regulations are not
specific in their requirements of research laboratories, quality assurance and in particular assay validation are essential. This
review, therefore, focuses on a discussion of current thinking in biomarker assay validation. Five categories define the majority
of biomarker assays from ‘absolute quantitation’ to ‘categorical’. Validation must therefore take account of both the position of
the biomarker in the spectrum towards clinical end point and the level of quantitation inherent in the methodology. Biomarker
assay validation should be performed ideally in stages on ‘a fit for purpose’ basis avoiding unnecessarily dogmatic adherence to
rigid guidelines but with careful monitoring of progress at the end of each stage. These principles are illustrated with two
specific examples: (a) absolute quantitation of protein biomarkers by mass spectrometry and (b) the M30 and M65 ELISA
assays as surrogate end points of cell death.
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Importance of biomarkers in anticancer drug development

The importance of biomarkers in anticancer drug develop-

ment today cannot be overemphasized (Lesko and Atkinson,

2001; Wagner, 2002; Verma and Srivastava, 2003; Kelloff

et al., 2004). As an extension of our increased understanding

of the molecular basis of cancer, anticancer drug develop-

ment now focuses on targeting specific molecular alterations

present in cancer cells (Collins and Workman, 2006;

Kummar et al., 2006). In the clinic, biomarkers may thus

enable selection of patients most likely to respond to

molecularly targeted drugs, allow real-time monitoring of

treatment efficacy or identify early signs of toxicity (Ludwig

and Weinstein, 2005; Maruvada and Srivastava, 2006).

Throughout the long and costly cycle of anticancer drug

development, biomarkers are also seen as facilitating go/no

go decision making during early discovery up to the point of

preclinical evaluation (Kelloff and Sigman, 2005; Collins and

Workman, 2006; Sarker and Workman, 2007).

Although the number of publications on experimental

biomarkers in cancer extends into the several thousand each

year, only a small number of these will ever achieve

regulatory (US Food and Drug Administration (FDA))

approval as surrogate clinical end points (Ludwig and

Weinstein, 2005). Method validation constitutes a critical

component in biomarkers research, and it is acknowledged

that a biomarker can sometimes fail in the clinic not because

of the underlying scientific rationale but rather from poor
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assay choice and lack of robust validation (Pepe et al., 2001;

Barker, 2003; Bast et al., 2005; Wagner et al., 2007). This

review therefore seeks to focus on the issue of biomarker

assay validation during anticancer drug development.

Biomarker definitions

The US National Institute of Health (NIH) sponsored

Biomarkers Definitions working group has published the

following definitions: ‘Biological Marker—Biomarker—a

characteristic that is objectively measured and evaluated as

an indicator of normal biological processes, pathogenic

processes or pharmacologic responses to a therapeutic agent’

(NIH, 2001). Whereas, a Clinical End point was defined as ‘a

characteristic or variable that reflects how a patient feels,

functions, or survives’ while a Surrogate End point was defined

as ‘a biomarker that is intended to substitute for a clinical

end point’. The evidentiary process of proving a linkage

between the biomarker and a clinical end point was termed

‘evaluation’ in preference to validation (NIH, 2001). More

recently, evaluation has been replaced with Qualification,

which has become accepted terminology (Wagner, 2002).

Biomarker definitions have evolved to encompass a

spectrum of activities depending on the perspective of the

stakeholder (Figure 1). Within the pharmaceutical industry,

‘novel’ biomarkers are envisaged as playing a vital role in

candidate selection during drug discovery (including pre-

clinical studies), whereas pharmacodynamic (PD) biomarkers

are applied in early clinical trials to evaluate target modula-

tion, either proximal or distal to the proposed drug target,

but fall short of being surrogate end points (Figure 1; Kelloff

and Sigman, 2005; Lee et al., 2005). In cancer medicine,

biomarkers may be seen as being either diagnostic of tumour

biology or prognostic of disease or therapeutic outcome (see

Figure 1; Ludwig and Weinstein, 2005; Basil et al., 2006).

Finally in the regulatory compliance spectrum, a biomarker

is envisaged as passing through three evidentiary stages

towards full acceptance: exploratory, probable valid and

known valid (Goodsaid and Frueh, 2007). The importance of

all these above definitions, from a method validation

perspective, is that the further along the spectrum towards

a clinical end point the biomarker is positioned the greater

the degree of thoroughness necessary to validate the

biomarker assay (Lee et al., 2007).

Current regulatory requirements for biomarker
assay validation

Extensive supporting evidence to qualify a biomarker and

validate the biomarker assay are not normally required

during early phase drug discovery and preclinical drug

evaluation (Lee et al., 2006, 2007; Workman, 2006). None-

theless, since the ultimate aim of most biomarker research is

to transfer the assay into the clinic, it is advisable to plan

ahead as early as possible during method development.

Thus, attempts should be made to assemble all the key

components required in a validated method such as a

consistent supply of reagents, certificated standard of the

target molecule to use as a calibration standard and a control

matrix free from the target molecule that replicates closely

the clinical specimens under investigation (Miller et al.,

2001). A lack of such resources can result in a compromised

analytical technique, and even lead to failure in biomarker

qualification (Bast et al., 2005). However, in Europe

when biomarker measurements are performed on samples

collected from subjects entered into clinical trials of new

investigational agents, laboratories conducting these ana-

lyses are subject to the Clinical Trials Regulations (Fontaine

and Rosengren, 2001; HMSO, 2004, 2006). Though these

regulations are focused on the implementation of Good

Clinical Practice (GCP) during the clinical governance of a

trial, it is clear that they extend to the research laboratory.
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Figure 1 The Biomarkers spectrum from the perspective of different stakeholders. (a) The US Food and Drug Administration envisages three
evidentiary stages towards biomarker approval (Goodsaid and Frueh, 2007). (b) Within the pharmaceutical industry biomarkers are utilized
throughout the whole drug discovery process from compound selection to clinical trials (Lee et al., 2005). (c) In cancer medicine, biomarkers
may be seen as being either diagnostic of tumour biology, or prognostic of disease or therapeutic outcome (Ludwig and Weinstein, 2005).
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Thus, the European directive (2001/20/EC) defines a ‘clinical

trial’ as: ‘any investigation in human subjects intended to

discover or verify the clinical, pharmacological and/or other

PD effects of one or more investigational medicinal pro-

duct(s)’ (Fontaine and Rosengren, 2001). The directive also

highlights the need to subject all trial-related information

and documents, including those generated by the research

laboratory, to inspection to confirm their accuracy. Imple-

mentation of the EC directive in the United Kingdom

occurred on May 2004 as UK Statutory Instruments (SI)

1031, and identified the Medicines and Healthcare Regula-

tory Agency as the competent authority responsible for

carrying out inspections (HMSO, 2004). Failure to comply

with these regulations is an offence. Despite this, the clinical

trials regulations make few specific references to laboratories

and are somewhat vague in terms of what is expected,

although it is clear that quality assurance (QA) is a

requirement.

As a response to the clear lack of direction in this field, the

British Association for Research into Quality Assurance

(BARQA) published a detailed quality system termed Good

Clinical Laboratory Practice (GCLP) just prior to publication

of the UK SI 1031 (Stiles et al., 2003). Their hopes were that

this QA system would become widely adopted by relevant

laboratories (Stiles, 2004). To a large extent this has been the

case within the UK translational cancer research community,

while Cancer Research UK (CR-UK) adopts GCLP as one of its

benchmark standards, when conducting QA audits of

translational cancer science laboratories. In essence GCLP

is very closely related to Good Laboratory Practice (GLP), but

takes accounts of the context and terminology employed in

clinical trials. GCLP covers every aspect of trial sample

analysis from a formalized contractual agreement with the

study sponsor(s), through staff training, facilities being fit for

purpose, apparatus qualification, certificated reagents, meth-

od validation, study plan preparation, sample tracking,

conduct of work, data capture and storage, report writing

and finally archiving of study documents. All stages of the

system are governed by standard operating procedures

(SOPs) and all aspects of the system are subject to QA audits.

While there appears to be no requirement for laboratories

conducting biomarker analyses to comply to a full QA

system like GCLP in the United States, several key publica-

tions have recommended adopting significant elements of a

quality system, such as patient sample tracking, SOPs,

analytical plans, facilities fit for purpose, study reports,

compliance with FDA regulations on electronic records and

signatures (FDA, 1997) and certificates of analysis for

standards (James and Hill, 2007; Lee et al., 2007).

Established method validation guidance

Bioanalytical method validation involves a systemic evalua-

tion of all the processes required to demonstrate that a

particular technique is reliable for its intended purpose

(Shah, 2007). Ideally, validation is conducted in three phases

each with its own predefined goals (Figure 2). The first stage

is method development, where the aim is to perform

feasibility studies, assess reagent availability and so on,

resulting in the construction of the validation plan. This

phase is then followed by pre-study method validation,

where the validation plan is put into effect and is conducted

normally utilizing validation samples (VS, but referred to as

quality controls (QCs) during patient sample analysis). VS

and QC are samples employing a test matrix, either patient-

derived or a suitable surrogate, containing a known con-

centration (nominal) of analyte that are treated as unknowns

in an assay. The threefold goal of this phase is to (1) produce

a body of data that proves that the method meets acceptable

standards of performance, (2) formalize these data into an

analytical report and (3) draft a method SOP that is then

taken forward to patient sample analysis. Finally, during

patient sample analysis, QCs are incorporated to confirm

that the method continues to perform consistently within

specifications, thus allowing patient-derived data to be

confidently accepted as valid. Performance parameters that

are studied during the second stage of validation of

bioanalytical methods would normally include: selectivity,

sensitivity, calibration response, choice of QC samples,
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Figure 2 The stages of biomarker assay validation. Three stages are proposed for bioanalytical techniques referred to as Good Laboratory
Practice (GLP) assays, each with a predefined purpose and goal. Biomarker assays require an additional phase where feasibility studies are
conducted to determine whether or not to proceed with the particular technique.
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analyte recovery, precision, accuracy and reproducibility

(Shah et al., 1991, 2000). For a fuller definition of these terms

see Appendix I. Bioanalytical method validation also re-

quires a systematic study of analyte stability in calibration

standards, QCs and study samples (Nowatzke and Wood,

2007).

Internationally recognized standards for the various

different parameters of bioanalytical method performance

have been established (Shah et al., 1991, 2000; Peters et al.,

2007). These were devised primarily by the pharmaceutical

industry for small molecule analysis using the techniques

of liquid chromatography (LC) or LC–mass spectrometry

(LC–MS), but have nevertheless been endorsed by several

regulatory authorities and national agencies (FDA, 2001a).

Selectivity (lack of interference) is normally demonstrated in

six independent specimens of drug free matrix. A calibration

curve is acceptable if 75% or a minimum of six different

standard concentrations fall within 715% of their nominal

values except at the lower limit of quantitation (LLOQ) when

720% is acceptable. Precision (coefficient of variation (CV))

and accuracy (% bias from nominal concentration) in repeat

analyses of VS are expected to vary by less than 715%.

During in-study patient sample analysis QCs are employed at

three different concentrations in duplicate. The analytical

run is accepted as valid when at least 67% (4/6) of the QCs

fall within 15% of their nominal values (the 4:6:15 rule; Shah

et al., 1991, 2000; Bansal and DeStefano, 2007).

These stringent standards have also being applied to

pharmacokinetic (PK) studies of macromolecules, particu-

larly involving the technique of ELISA (Findlay et al., 2000;

DeSilva et al., 2003; Smolec et al., 2005). Here, greater leeway

is granted within the 4–6 acceptance rule at either 25 or 30%,

acknowledging that the bioanalysis of macromolecules

carries a degree greater inherent variability compared to

the bioanalysis of small molecules (Miller et al., 2001;

DeSilva et al., 2003; Smolec et al., 2005).

Critical issues in biomarker assay validation

The principles of bioanalytical method validation developed

for drug analysis during toxicokinetic studies using LC or

LC–MS have been referred to by others as GLP method

validation (Korfmacher, 2005; Lee et al., 2005, 2006). This is

to distinguish such validation from that applied in routine

clinical chemistry and diagnostic testing laboratories (FDA,

2001b), where emphasis is placed on QC and the adoption of

global standards for assay acceptance (Westgard et al., 1981).

In October 2003, a workshop was held in Salt Lake City,

Utah, which was cosponsored by the American Association

of Pharmaceutical Scientists (AAPS) and the US Clinical

Ligand Society (CLAS) to address the unresolved issue of

validation of biomarker assays in support of drug develop-

ment (Lee et al., 2005). At this meeting it was concluded that

biomarker methods should not be classified as ‘GLP’ assays,

nor should they be validated by the same guiding principles

developed for drug analysis by LC–MS. Table 1 summarizes

many of the reasons for this decision. Biomarker assays span

diverse methodologies, ranging from the relatively low

technology end such as immunohistochemistry (IHC),

through electrophoresis, reverse transcription–PCR to ELISA,

to the high technology end including platforms for geno-

mics (gene chip), proteomics (SELDI TOF) and multiplex

ligand-binding assays (Jones et al., 2003; Johann et al., 2004;

Seligson, 2005; Scholler et al., 2006).

When surveying the differences between a typical GLP

assay and a typical biomarker assay, certain critical issues

emerge in biomarker method validation (Table 1). As

biomarkers are invariably endogenous substances, an ana-

lyte-free matrix either to perform specificity studies on or to

be used as a resource to construct a calibration curve is often

not available. Perhaps, more common is the lack of

availability of the target biomarker molecule to act as a

certified calibration standard (Miller et al., 2001). Biomarker

analytical methods frequently lack sensitivity and dynamic

range, are labour-intensive and prone to variability. How-

ever, they are expected to detect unambiguously the target

molecule in a complex biologic milieu, often without sample

Table 1 Comparison between GLP and biomarker assay validation
parameters

Parameter GLP assay Biomarker assay

Specificity/
selectivity

Drugs as xenobiotics
are not present in
study sample matrix
and samples are
almost always
subjected to clean-up
and analyte recovery

Biomarkers as endogenous
macromolecules are present
in sample matrix. Samples
not subject to clean up; thus
detection occurs in a
complex matrix resulting
often in specificity issues

Sensitivity LC–MS highly sensitive Many biomarker assays lack
sensitivity

Calibration
standard

Certified chemical
standards readily
available

Often composition of the
analyte not known or fully
characterized. Thus certified
standard not available

Calibration
model

Mostly linear,
extending over several
orders of magnitude

Many biomarker assays have
limited dynamic range and
baseline patient values not
known

Quality
controls

Certified standard and
blank patient sample
matrix available

Adequate supplies of blank
matrix and certified standard
problematic—surrogate
matrices utilized

Precision/
accuracy/
reproducibility

Robust technology
subjected to
internationally
recognized acceptance
criteria

Inherently variable because
of methodological and
biological issues. No
recognized ‘acceptance
criteria’

Stability Drug standards,
QCs and sample
analyte stability often
very good

Stability of biological
standards and biological
matrices analyte often very
poor

Parallelism Studied due to of use of
surrogate standards and
matrices for calibration
purposes

Dilution
linearity

Studied due to complex
analyte and matrix

Reagents Method dependent on the
performance of reagents that
are themselves derived from
biologic sources where
supply, quality and stability
issues become important

Abbreviations: GLP, Good Laboratory Practice; LC–MS, liquid chromatogra-

phy–mass spectrometry.
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preparation. Biomarker analysis is also highly dependent on

the integrity of reagents such as antibodies, which are

themselves derived from biologic sources and thus are

subject to their own problems of supply, QC and stability.

In many biomarker assay scenarios, researchers have to resort

to the use of a noncertified standard, perhaps a recombinant

protein, and a variety of surrogate matrices, in order to

construct a calibration curve. Thus, parallelism studies need

to be performed where the response of the assay to a range of

calibration standard concentrations made up in the surro-

gate matrix is compared to that of a series of dilutions of

patient samples (Smolec et al., 2005). Dilution linearity can

also be problematic, as antibody and ligand-binding affi-

nities can vary significantly in different media.

The goal of biomarker assay development and validation

thus becomes to ‘develop a valid assay’ rather than to

‘validate a developed method’, that is that the biomarker

assay should be demonstrably ‘fit for purpose’ (Smith and

Sittampalam, 1998). In many respects the key to successful

biomarker method validation resides in making the right

choice of assay and posing the right questions at the onset.

What is the nature of the biologic end point under

investigation: is it target detection; proof of principle of

drug action or PD effects such as enzyme inhibition or subtle

changes in protein phosphorylation state? Is the biomarker

assay that is chosen realistically and reliably capable of

measuring the above biologic end point?

Biomarker assay validation, like bioanalytical method

validation, should be conducted ideally in several stages

(Lee et al., 2005, 2006), but with the addition of a new phase

entitled ‘development’ (Figure 2). During this preliminary

stage issues such as adequate supply of reagents; existence of

a certified reference standard for the biomarker and the

availability of an analyte test matrix should be fully

addressed prior to taking the assay forward to formal

validation experiments. To aid in the formulation of a

method validation plan, a biomarker assay can normally be

placed into one of the five functional categories (see

Figure 3), each requiring a distinct level of validation (see

Table 2). The following definitions of the five classes of

biomarker assays have been summarized from those pro-

posed at the AAPS/CLAS workshop (Lee et al., 2005). A

definitive quantitative assay makes uses of calibrators and a

regression model to calculate absolute quantitative values for

unknowns. The reference standard is well defined and

representative of the biomarker. A relative quantitative assay

uses a response–concentration calibration with reference

standards that are not fully representative of the biomarker.

Precision can be validated but accuracy only estimated. A

quasi-quantitative assay (possesses certain attributes) does not

employ a calibration standard, but has a continuous

response that is expressed in terms of a characteristic of the

test sample. Precision can be validated, but not accuracy.

Together these three categories constitute the bulk of

quantitative techniques. Two categories of qualitative (cate-

gorical) assays were described: ordinal refers to an assay that

relies on discrete scoring scales like those often used for IHC

while nominal pertains to a yes/no situation; for example the

presence or absence of a gene product (Lee et al., 2005, 2006).

In addition to assay functionality, it is also important to

ensure that the degree of validation performed reflects the

level of importance of the biomarker itself. In the United

Kingdom, the PD/PK Technologies Advisory Committee of

CR-UK adopts a policy of requesting validation of PD assays

based on the priority given to the biomarker in terms of its

proximity to the trial end point, either having primary,

secondary or tertiary importance (Cummings et al., 2005).

Table 2 summarizes the AAPS/CLAS consensus opinion on

which validation parameters should apply to each category

of biomarker assay. Qualitative assays only require demon-

stration that they are sufficiently sensitive and specific to

detect the target analyte. In addition to sensitivity and

specificity, precision and reproducibility should be investi-

gated with quasi-quantitative assays. Relative and definitive

quantitative methods additionally require an evaluation of

accuracy, and especially in the case of relative quantitation

where the calibration curve may utilize either a noncertified

standard or surrogate matrix or both, studies on parallelism

and dilution linearity become priorities. During pre-study

validation of these two latter classes of assays at least five

different concentrations of VS should be analysed in

duplicate on at least six different runs. Although, this is

greater than the three VS concentrations required in GLP

assays (Shah et al., 1991, 2000), because quantitative

biomarker assays often exhibit nonlinear calibration curves

more VS are required (Smolec et al., 2005; Lee et al., 2006).

Acceptance criteria for precision and accuracy should not be

dogmatically set at a fixed value, as in GLP assays, but

The Five Categories of Biomarker Assays

Quantitative Categorical

NominalOrdinalQuasiRelativeDefinitive

Figure 3 The five categories of Biomarker assays. For a more
comprehensive definition of each category, see main body of text.

Table 2 Recommended biomarker assay validation parameters

Performance
characteristic

Definitive
quantitative

Relative
quantitative

Quasi-
quantitative

Qualitative

Accuracy | |
Precision | | |
Sensitivity | | | |

LLOQ LLOQ
Specificity | | | |
Dilution linearity | |
Parallelism | |
Assay range | | |

LLOQ-ULOQ LLOQ-ULOQ
Reagent stability | |
Sample stability | | | |
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evaluated on a case per case basis, with 725% acting as

default value (730% at the LLOQ). Likewise, a similar

attitude should be adopted in determining acceptance limits

for QCs during patient sample analysis, either in terms of a

4–6-X rule or through adoption of confidence intervals.

Since the target molecule is often present in pre-dose

samples or in the QC matrix, limitations are often placed

on LLOQ. Also, as part of early stage biomarker assay

validation/qualification, it would be beneficial to acquire

samples from cancer patients to derive target concentration

ranges and characterize normal biologic variations in the

marker prior to commencement of clinical investigations

(Cummings et al., 2006). Sample integrity should be carefully

assessed during method validation, including studies on

patient specimen stability during collection, storage and

analysis.

Specific examples of biomarker assay validation

While this review has concentrated on the general principles

of validation of biomarker methods, to illustrate some of

these points and issues in more detail two specific examples

have been chosen. Mass spectrometry has been chosen as an

example of a definitive quantitative method. As an example

of a relative quantitative technique ELISA will be discussed

and here the focus will be on two specific assays that have

been extensively studied in our laboratory as PD biomarkers

of drug induced cell death, the M30 and the M65 ELISAs

(Cummings et al., 2005, 2006, 2007).

Mass spectrometry as an absolute quantitative
technique in biomarker research

MS it now well established as the technology platform of

choice in the field of proteomics (Zhang et al., 2007). Such

studies, although immensely complex, tend to operate in the

realm of ‘browsing mode’ yielding data described as ‘survey’

by nature (Aebersold and Goodlett, 2001; Petricoin et al.,

2002; Simpkins et al., 2005; Engwegen et al., 2006). In this

mode, a number of different strategies have been employed

to introduce a quantitative element into proteomics such as

metabolic pre-labelling (Gu et al., 2002), isotope-coded

affinity tags (iCATs; Gygi et al., 1999), incorporation of 18O

into tryptic digests (Yao et al., 2003) and isobaric tags for

relative and absolute quantitation (iTRAQ; Ross et al., 2004).

MS determination of the proteome can span the entire range

of biomarker assay definitions from a yes/no nominal result

through to absolute quantitation. However, many manifes-

tations of the technique cannot be applied directly to the

analysis of samples collected from patients, while often

relative quantitation actually means a comparison between a

control and a test sample (Bronstrup, 2004).

At least six different MS techniques have been categorized

as quantitative in proteomics (Unwin et al., 2006). Perhaps,

one of the most relevant and promising to the field of

biomarker research and anticancer drug development is the

internal standard technique. This relies on adding to samples

an isotopically labelled but otherwise identical peptide to

achieve absolute quantitation of a target peptide/protein by

a method known as AQUA (Stemmann et al., 2001). The

advantage of adding a defined amount of an internal

standard over pre-labelling of proteins is that it is applicable

in clinical investigations, whereas pre-labelling is restricted

to cells in culture (Bronstrup, 2004). Post-labelling of

samples with iCAT or iTRAQ can also be problematic, since

it depends on efficient and reproducible chemical derivatiza-

tion for accurate quantitation (Unwin et al., 2005). However,

a limitation with the AQUA approach is that the internal

standard peptide is not normally added until samples have

undergone clean up, fractionation and proteolytic digestion

and it may not control for losses that occur prior to the

production of peptides (Fenselau, 2007). Using an isotopi-

cally labelled protein internal standard is one way round

such a problem. AQUA also has an important role in

quantitation of post-translational modifications—here in

vitro studies have shown that the technique can detect

quantitative changes in the phosphorylation status of

proteins during different phases of the cell cycle (Gerber

et al., 2003; Kirkpatrick et al., 2005).

The critical importance of sample preparation in biomar-

ker analysis by AQUA and other quantitative MS approaches

should not be underestimated. This is exemplified in the

study of Petricoin and co-workers, where SELDI-TOF was

utilized to identify novel biomarkers in ovarian cancer

(Petricoin et al., 2002). However, others failed to confirm

these findings, and reanalysis of the original data set

suggested that sample handling and processing variables

may have been responsible for the differences observed

between diseased and healthy individuals (Baggerly et al.,

2004, 2005). Since this study, many laboratories have

concentrated on methods for sample handling and data

analysis to allow for the generation of reproducible and

reliable profiling (Poon, 2007).

Serum concentrations of proteins can vary by a factor of

108 to 1010 between high abundance proteins such as

albumin and classic tumour markers such as prostate-specific

antigen (PSA) and carcinoembryonic antigen (CEA), and

perhaps sensitivity remains one of the greatest challenges

open to absolute quantitation of protein biomarkers by MS

(van der Merwe et al., 2007). Nonetheless, in a study using a

visible iCAT method, where a 14C-label was incorporated

into the linker, a detection limit of 66 fmol of group V

phospholipase A2 per 100 mg of cell lysate was reported,

which was one order of magnitude superior to that achieved

by western blot analysis (Bottari et al., 2004). By adopting an

LC/MS/ion trap technique, four intermediate abundance

serum proteins have been quantitated by AQUA: coagulation

factor V, adiponectin, C-reactive protein and thyroxin-

binding globulin at levels of 9.2, 110, 120 and 246 pmol ml�1

(approximately 0.5–10 mg ml�1) with CVs for 12 repeat

measurements of 17, 25, 24 and 14% respectively (Lin

et al., 2006).

In a seminal study to determine the performance char-

acteristics of AQUA in the quantitation of PSA, method

validation was conducted on a fit for purpose basis (Barnidge

et al., 2004). Serum was spiked with five different concentra-

tions of a PSA protein standard ranging from 70 pmol l�1 to

6.5 mmol l�1 (2–184 mg ml�1) to construct a calibration curve.
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The internal standard consisted of IVGGWECEK, a sequence

identical to the N-terminal tryptic fragment of PSA but with

each glycine containing two 13C atoms and one 15N atom.

After digestion and AQUA, the values determined for the five

different concentrations of PSA yielded a calibration curve

with a regression correlation coefficient (r2) of 0.971.

Recovery of the calibrators ranged from 70 to 85% with a

mean run-to-run CV of 13% and a mean within-run CV of

5.7%. However, at the lowest standard concentration,

2 mg ml�1, recovery become more variable at 425%. These

results demonstrated that many of the key parameters of a

quantitative assay can be met by AQUA and the internal

standard method, although in a control situation where

plasma samples were spiked with high levels of the target

protein. However, to put these results in context, the

endogenous level of PSA is reported to be in the region of

1 ng ml�1, 3–4 orders of magnitude below that achieved by

AQUA (Bronstrup, 2004), and it is conceded by many

workers in the field of proteomics that immunoassays such

as ELISA, still offer far greater sensitivity, reproducibility and

dynamic range (Barnidge et al., 2004; van der Merwe et al.,

2007).

M30 and M65 ELISA assays as surrogate
serum/plasma biomarkers of cell death

Although considered the archetypical quantitative biomar-

ker assay, offering the analyst a range of concentration

options, spanning a full repertoire of 10 orders of magnitude

(van der Merwe et al., 2007), many commercially available,

single analyte, sandwich, ELISA assays fall into the category

of relative quantitation. This is because many are calibrated

with recombinant proteins or peptide standards which are

reconstituted in a surrogate matrix, as is the case with many

cytokine assays (Lee et al., 2005).

M30 and M65 are (relatively) newly described sandwich

ELISA assays that determine in either plasma or serum

different circulating forms of the protein cytokeratin 18

(CK18) and are proposed to be surrogate biomarkers of

different mechanisms of cell death (Biven et al., 2003;

Kramer et al., 2004). Under normal physiological conditions

cytokeratins are complexed in intermediate filaments of

epithelial cells and remain insoluble (Fuchs and Weber,

1994). Proliferating cancer cells also contain a substantial

pool of soluble cytokeratins (CK 8, 18 and 19), which can

increase in response to stress (Ditzel et al., 2002; Schutte

et al., 2004). Keratins have been recognized as tumour

markers in the diagnosis of cancer for over 20 years (Weber

et al., 1984; Sundstrom and Stigbrand, 1994). CK18 is closely

associated with the tumour marker tissue polypeptide-

specific antigen (Einarsson and Barak, 1997; Barak et al.,

2004). During necrosis, mobilization of CK18 into the

soluble pool occurs through remodelling of the intermediate

filaments (Strnad et al., 2002), whereas during apoptosis

intermediate filament proteins (including CK18) are targeted

for rapid breakdown by activated caspases 3, 7 and 9 to

facilitate the formation of apoptotic bodies (Kramer et al.,

2004). Nonetheless, the fragments of CK18 produced by

proteolysis are stable and persist as large aggregates even-

tually appearing in the circulation of cancer patients (Ku

et al., 1997). The mechanisms by which intact CK18 and its

caspase-cleaved fragments are released into the circulation

remain poorly understood (Linder et al., 2004).

The M30 ELISA assay utilizes the M5 antibody as a catcher

and the M30 antibody to detect CK18 fragments that

contain a neo-epitope (NE) at positions 387–396 generated

by the action of caspases 3, 7 and 9 activated during the early

stages of apoptosis (Figure 4; Leers et al., 1999; Schutte et al.,

2004). Thus, the M30 ELISA is proposed as a specific assay of

apoptosis and immunological staining with the M30 (Cyto-

death) antibody has been shown to correlate with other

apoptosis assays such as TUNEL, ISEL (Carr, 2000) and active

caspase 3 (Duan et al., 2003). M65 also detects cleaved

fragments (Kramer et al., 2004), however, it uses a different

detection antibody from M30 (namely M5) that does not

distinguish between the full-length protein and its fragments

(Figure 4). Thus, M65 theoretically measures both caspase

cleavage (apoptosis) and cellular release of intact CK18

(necrosis).

Both M30 and M65 assays have now been applied

extensively in clinical trials as PD biomarkers of cell death

induced by a variety of different cancer chemotherapeutic

agents in a spectrum of different disease types (Biven et al.,

2003; Ueno et al., 2003; Kramer et al., 2004, 2006; Demiray

et al., 2006; Ulukaya et al., 2007). In some reports, the M30

assay has been claimed to be both predictive of drug

response (Demiray et al., 2006) and prognostic of survival

(Ulukaya et al., 2007). These latter studies were, however,

only conducted in small populations of patients and can

only be considered as preliminary observations. The two

ELISAs have also been utilized as markers of host tissue

toxicity in a number of different clinical conditions includ-

ing trauma, sepsis (Roth et al., 2004); chronic liver disease

(Yagmur et al., 2007); hepatitis C (Bantel et al., 2004;

Kronenberger et al., 2005) and in response to liver trans-

plantation (Baskin-Bey et al., 2007).

1 429

2381 396

396

429

Caspase 6 3/7/9

5 6

M65 ELISA

21 kD Fragment

30

M30 ELISA

Cytokeratin 18

Figure 4 Schematic representation of the cytokeratin 18 (CK18)
epitope map targeted by the antibodies used in the M30 and M65
sandwich ELISA assays. In the case of M65 ELISA the M6 antibody
acts as the catcher and M5 as detection antibody. For the M30 ELISA
assay M5 is the catcher and HRP conjugated M30 the detection
antibody. Proposed caspase cleavage sites of CK18 are also
indicated.
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Our laboratory initially focused on method validation and

early stage biomarker qualification prior to embarking on

large-scale clinical trials (Cummings et al., 2005, 2006, 2007).

Parameters studied included calibration response, within-

day and between-day precision and accuracy, kit-to-kit QC

and sample stability. A pivotal element in these studies was

the use of in-house generated QCs that were independent of

the kit reagents (Cummings et al., 2005, 2006).

Using a series of nine different dilutions of the indepen-

dent QC, the calibration curve for the M30 ELISA assay was

demonstrated to follow a sigmoid curve with a value of r2

equalling 0.997 and a plateau phase at antigen concentra-

tions starting at 1000 U l�1, technically the upper limit of the

calibration curve supplied by the manufacturers. Typical

within-day precision using eight replicate independent QCs

was 3.6%. Analyses performed on eight separate days over a

3-month period yielded a between-day precision of 2.4%.

These data are in addition to values for both precision and

accuracy generated using the supplied in kit QCs (Cummings

et al., 2005). Kit-to-kit variations in the concentration of

antigen determined in independent QCs ranged between 1.5

and 4.3%, well within the manufacturer’s specifications of

10% (www.peviva.com).

By contrast, the M65 assay produced a linear calibration

curve over the concentration range of 125–2000 U l�1, with a

mean r2 value of 0.99670.003 (n¼27; Cummings et al.,

2006). The linear response is believed to be due to the high-

affinity constants (10�13
M) of the two mouse monoclonal

antibodies utilized in this assay (M6 and M5; Kramer et al.,

2004) and the subsequent faster reaction kinetics (personal

communication, Peter Björklund, PEVIVA). Again utilizing

in-house derived independent QCs, mean kit-to-kit variation

ranged from 4.8 to 5.3%. M65 ELISA also proved to be highly

reproducible with precision and accuracy normally varying

by o5% when evaluated using the in kit supplied QCs.

By strict definition, the M30 and M65 ELISAs only provide

relative quantitation (Lee et al., 2005, 2006), despite the fact

that the kits include a seven-point calibration curve and QCs

at two different concentrations (www.peviva.com). This is

because both assays are calibrated with a 21-amino-acid

fragment of CK18, (Kramer et al., 2004) prepared in a

surrogate matrix. Although evidence has been presented

that the M30 assay does indeed detect the 21-kDa-caspase-

cleaved fragment of CK18 in the serum of patients with liver

injury (Figure 4; Bantel et al., 2004), recent studies have

shown that the natural antigen for these assays is probably a

more complex heteromeric cytokeratin complex rather than

a single peptide/protein moiety. Harnessing a combination

of fractionation of breast cancer patient serum by gel

permeation column chromatography and analysis of frac-

tions with several different cytokeratin antibodies, a sig-

nificant portion of antigenicity was shown to reside in a

50–100 kDa fraction, which also appeared to contain addi-

tional cytokeratins including CK7, CK8 and CK19 (Olofsson

et al., 2007). This was in contrast to the release of antigen

from cancer cells induced into apoptosis in culture, where

the predominant species was a 13 kDa fragment. The high

molecular weight heteromeric complexes were demonstrated

to be resistant to further caspase cleavage and were

concluded to be stable in serum. Cytokeratins are well

known to favour heteromeric complexes to enhance their

stability (Yamada et al., 2002).

The specificity of the M30 antibody has been validated

primarily by IHC using the M30 Cytodeath assay, where it

has been claimed to be a more reliable indicator of apoptosis

than TUNEL and ISEL (Carr, 2000). Again in the IHC format

M30 has been extensively applied during many clinical

studies, where it has proved successful in the detection of

apoptosis in human tumours (Kadyrov et al., 2001; Leers

et al., 2002; Rupa et al., 2003). However, few definitive

studies have been performed on the specificity of the ELISA

assays to detect their respective antigens, and this is

especially important in the light of the complex nature of

the antigen, which is likely to vary considerably from patient

to patient. We have observed that dilution of patient

samples, whether plasma or serum with a variety of diluents,

results in nonlinearity and artefactually high values

(unpublished observations). Dilutions of samples in anti-

gen-free control serum or plasma is now recommended by

the manufacturers to preserve linearity.

The dynamic range of the calibration curve for most

ELISAs is normally limited to less than two orders of

magnitude and the M30 and M65 are no exceptions

(Cummings et al., 2005). As biomarkers of cell death, the

M30 and M65 assays appear perfectly capable of detecting in

plasma or serum drug-induced cell death emanating from

the tumour, as numerous clinical studies have now demon-

strated (Biven et al., 2003; Ueno et al., 2003; Kramer et al.,

2004, 2006; Demiray et al., 2006; Ulukaya et al., 2007). It has

been estimated that apoptosis in 108 cancer cells in patients

would be more than sufficient to result in a doubling in the

circulating signal above normal baseline levels (Biven et al.,

2003). By comparison, to detect the caspase-cleaved 21 kDa

fragment of CK18 in patient serum by western blot after

immunoprecipitation, a 3-ml sample was required whereas

the ELISA assays require only 25 ml of sample (Bantel et al.,

2004).

Conclusion

This review has focused on the general principles of method

validation for assays utilised as PD biomarkers in cancer

research. While, the discussion has tended to focus on

established technologies (such as ELISA and MS), it is our

belief that these principles can and must be applied to new

and emerging technologies, such as multiplex ELISA plat-

forms, regardless of the format (Liu et al., 2005; Lee et al.,

2006).
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Appendix I
Glossary of terms used in analytical method validation

Selectivity: The extent to which a bioanalytical method can

measure particular analyte(s) in a complex mixture without

interference from other components of the mixture.

Specificity: The ability to unequivocally measure the

analyte in the presence of other components that may be

expected to be present in the biological specimen, including

impurities, metabolites and endogenous matrix components.

Limit of detection: The lowest concentration of analyte

for which the response can be reliably distinguished from

background noise.

Lower limit of quantitation (International Conference

on Harmonisation (ICH)): The lowest concentration

(amount) of analyte in a test sample that can be determined

quantitatively with suitable accuracy (mean bias) and

precision.

Calibration curve: A functional relationship between the

analyte concentration in the standards (calibrators) and

the measured response. The calibration curve is used to

estimate the analyte concentration in test samples by dose

interpolation.

Calibration standards: Samples having a known concen-

tration of analyte that are used in an assay to gauge the

relationship between system responses (for example, absor-

bance units) concentrations of an analyte.

Quality control (QC) samples: Pre-study validation and in-

study samples having a known concentration (nominal) of

analyte that are treated as unknowns in an assay. During pre-

study validation, QC samples are used to generate informa-

tion to demonstrate the method is suitable for its intended

purpose. During in-study runs, QC values are used as the basis

for accepting and rejecting bioanalytical method batches.

Accuracy (ICH): The closeness of agreement between the

value that is accepted either as a conventional true value or

an accepted reference value and the value found experimen-

tally. This is sometimes termed trueness.

Precision (ICH): The closeness of agreement (degree of

scatter) between a series of measurements obtained from

multiple sampling of the same homogeneous sample under

the prescribed conditions. Precision may be considered at

three levels: repeatability, intermediate precision and repro-

ducibility.

Intermediate precision (ICH): Precision of repeated

measurements within-laboratories taking into account all

relevant sources of variation affecting the results (for

example, day, analyst or batch). Intermediate precision is

also referred to as inter-batch, inter-assay and inter-run

precision.

Repeatability (ICH): The precision under the same

operating conditions over a short interval of time. Repeat-

ability is also termed as intra-batch or intra-run precision.

Reproducibility (ICH): Precision of repeated measure-

ments between laboratories and is termed inter-laboratory

precision. Usually applies to collaborative studies that

involve the standardization of a bioanalytical method across

multiple laboratories.

Dilution linearity: A test to demonstrate that the analyte

of interest, when present in concentrations above the range

of quantification, can be diluted to bring the analyte

concentrations into the validated range for analysis by the

method. Samples used for this test are, in general, the ones

containing high concentrations of spiked analyte, not

endogenous analyte.

Parallelism: Relative accuracy from recovery tests on the

biological matrix, incurred study samples, or diluted matrix

against the calibrator in a substitute matrix. It is commonly

assessed with multiple dilutions of actual study samples or

samples that represent the same matrix and analyte

combination of the study samples.
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